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Abstract. The agglomeration/dewetting process of thin silver films provides a scalable method
of obtaining self-assembled nanoparticles (SANPs) for plasmonics-based thin-film solar photo-
voltaic (PV) devices. We show the effect of annealing ambiance on silver SANP average size,
particle/cluster finite shape, substrate area coverage/particle distribution, and how these physical
parameters influence optical properties and surface-enhanced Raman scattering (SERS)
responses of SANPs. Statistical analysis performed indicates that generally Ag SANPs proc-
essed in the presence of a gas (argon and nitrogen) ambiance tend to have smaller average
size particles compared to those processed under vacuum. Optical properties are observed to
be highly dependent on particle size, separation distance, and finite shape. The greatest
SERS enhancement was observed for the argon-processed samples. There is a correlation
between simulation and experimental data that indicate argon-processed AgNPs have a great
potential to enhance light coupling when integrated to thin-film PV. © 2017 Society of Photo-
Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JPE.7.037002]
Keywords: photovoltaics; Raman scattering; plasmonics; agglomeration; self-assembly; thin-
film PV; optical properties.
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1 Introduction
As-deposited thin metallic films are generally metastable or unstable and readily dewet from
a solid substrate when heated even well below their melting temperature.1,2 The process of
agglomeration/dewetting proceeds in two ways: nucleation and growth of holes, and spinodal
dewetting.1,3–5 This process is a relatively economical means of obtaining both simple and com-
plex nanostructures from thin metal films5–10 compared to traditional methods such as e-beam
lithography. While dewetting during film processing has been reported to have undesirable
effects on micro- and nanosystems, agglomeration has become the method of choice for cata-
lyzed growth of nanotubes/nanowires and electronic and photonic devices.3 Dewetting of thin
metallic films (both liquid and solid) to obtain mono/multidispersed nanoparticles has been dem-
onstrated with a range of metals including: gold (Au), silver (Ag), nickel (Ni), copper (Cu), and
alumina (Al), among others.1,3–4,10,11 However, Ag film dewetting has been mostly investigated
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as a candidate for plasmonic sensing12–18 and plasmonic-enhanced solar photovoltaic (PV)
device19–31 applications. This is because Ag is generally considered to have the most suitable
optical properties for solar cell applications. Silver nanoparticles exhibit highly intense and
localized surface plasmon resonances (LSPR) and low absorption in the visible- and near-
infrared,13,32 which is also the spectral region of interest for PV devices. The LSPR of Ag nano-
particles results in electromagnetic field enhancement, which is responsible for the observed
surface-enhanced Raman scattering (SERS).12,13 A detailed discussion on the SERS analysis and
the origin of the associated Raman peaks is well-studied and documented in Refs. 33–42.
In this work, we focus on further exploiting the agglomeration/dewetting process of thin Ag
films on indium tin oxide (ITO) radio frequency (RF) sputtered on glass substrates to obtain
self-assembled nanoparticles (SANPs) optimized for plasmonic-based thin film hydrogenated
amorphous silicon (a-Si:H) PV devices. This work further investigates the effect of annealing
ambiance on; Ag NP average size, circularity, substrate area coverage/particle distribution, opti-
cal properties, and SERS responses. In addition, x-ray diffraction (XRD) results are used to
discuss the research findings in order to provide guidance for the integration of Ag SANPs
with a-Si:H PV devices.
2 Experimental Details
Thin films (average thickness of 18.8 nm) of Ag were deposited using e-beam (KH Frederick
EB12) onto ITO/glass substrates previously prepared according to the recipe described in
Refs. 43–47. Samples were divided into three batches by annealing temperature: S1 (210°
C), S2 (180°C), and S3 (150°C). The samples were further divided based on processing
ambiance. The ambiance was varied during annealing of the films to influence both the average
nanoparticle size and surface coverage/distribution. The ambiance conditions included argon
(Ar), nitrogen (N2), and vacuum (Vac). The annealing period was kept constant for all samples
(1 h) except for those processed under vacuum conditions, which were processed for 2 h (as this
time was needed to reach the set temperature of 180°C under vacuum). We focus on results from
samples that were processed at 180°C for two reasons. (i) Processing temperature is ideal for
AgNPs—PV integration compared to 210°C, which is greater than most p-a-Si:H layer process-
ing temperature. (ii) There are challenges when trying to obtain uniformly distributed AgNPs
from thin films processed at lower temperatures (150°C and below).
Surface morphology was characterized with a Hitachi S4700 field-emission scanning elec-
tron microscopy and images were processed using ImageJ (imagej.nih.gov) to determine particle
size and distribution. Atomic force microscopy (AFM) was performed using a Veeco Dimension
3000 equipment with cantilever tips (Tap300Al-G) on a 1∶1 acquisition aspect ratio and rough-
ness analysis was performed on a defect-free region. The absorbance spectra were measured
using a Shimadzu UV–vis spectrophotometer (UV2450) and the structural analysis was carried
out using a powder PANalytical x-ray diffractometer with CuKa radiation (k ¼ 1.54 Å). Raman-
scattering SERS measurements were performed in 180-deg backscattering geometry using
a LabRamHR800 spectrometer from Horiba Jobin–Yvon equipped with a CCD detector. The
samples were excited by 633-nm emission wavelength from a He–Ne laser and the resolution of
the spectrometer used was about 0.3 cm−1.
2.1 Particle Size Analysis
2.1.1 Scanning electron microscopy analysis
SEM analysis was performed to determine ambiance-dependent agglomeration and the results
are shown in Figs. 1(a)–1(c). An as-deposited sample in Fig. 1(d) is included for comparison
purposes. The dependence of the SANP shape, surface coverage, and size on the processing
ambiance is evident from Fig. 1. The SEM analysis further reveals the presence of silver nano-
particles as small finite clusters in all samples; however, there is a vast contrast when it comes to
the size and distribution of these clusters. In the case of vacuum-annealed films, the particles are
more spherical in shape and uniformly distributed. There are two predominant sizes of particles
present—one with small size around 50 nm and larger particles around 140 nm, but the larger
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particles are more dominant. For nitrogen-annealed films, the particles are of finite clusters with
uniform distribution having irregular shapes and the average calculated particle size is around
77 nm. Argon-annealed samples have a nearly spherical shape with distinguishable particles and
some aggregated clusters and the average particle size is around 55 nm.
To facilitate the statistical analysis of the nanostructure size, the Ag nanoparticles were
approximated to be a spherical whole. The size histogram of the samples shows that the
size variation ranges between 35 and 105 nm for Ar-processed nanostructures, 50 to 150 nm
for N2-processed nanostructures, and 100 to 190 nm for vacuum-processed nanoparticles.
Results show that Ag nanostructures processed under Ar ambiance conditions had the largest
size variation and hence the most multidispersed nanoparticles. There is less size variance for
the NPs processed under N2 and vacuum ambiance. No evidence of residual nondewetted film
was observed from SEM characterization; however, we can only speculate the possibility of
some Ag diffusing into the underlying ITO layer during annealing resulting in an optical
lossy ITO–Ag alloy layer. The SEM analysis results, together with the XRD, UV–vis average
transmittances, and Tauc plot results are summarized in Table 1.
2.1.2 AFM analysis
The AFM results were used to complement the SEM analysis and sample results are shown in
Fig. 2. Surface roughness analysis showed that the height of the particles varied from 12 to
around 130 nm with a root mean roughness of 24 nm. This means the NPs can be approximated
to be hemispherical in shape since their diameters range from 60 to 200 nm. The observed par-
ticle size/diameter approximates the Gaussian distribution [see Figs. 1(a)–1(c), inset]. For an
ideal hemisphere, the diameter/height ratio should be 2 since the diameter is twice the height.
In this study, particle height is observed to vary from 12 nm for 60-nm-diameter NPs to 130 nm
for 200-nm-diameter particles. However, for the vacuum annealing (150°C), the 140-nm-
diameter particles (height ¼ 66 nm) were observed to predominate. The diameter/height ratio
Fig. 1 SEM images showing particle distribution for Ag/ITO/glass samples annealed at 180°C in
(a) argon, (b) nitrogen, (c) vacuum, and (d) as-deposited. Insets: histograms showing particle size
distribution for varied processing ambiance.
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analysis for the three different sizes presents the following values: 5 for small-sized particles
(60∕12 nm), ∼2 for medium-sized particles (140∕66 nm), and 1.5 for large-sized particles
(200∕130 nm), respectively. The trend shows a transition in the evolution of the NP from
being thin two-dimensional as-deposited film to quasinanodisc structures (smaller particles)
through to hemispherical for medium-sized and most predominant particles with isolated
quasispherical particles for large particles. Because of this observation, the hemispherical
classification of the particles is statistically valid.
2.2 Optical Properties
2.2.1 UV–vis spectroscopy
Generally, the N2-processed NPs exhibit the greatest transmittance while the least transmittance
is observed for the vacuum-annealed AgNPs. The low transmittance in the vacuum-processed
NPs can be attributed to the presence of defects3 while these defects are filled by N2 atoms under
the N2-processed AgNPs, hence the high transmittance is observed for N2-annealed samples.
1
The presence of large NPs with a high surface coverage for vacuum-processed samples may
result in the AgNPs having a shading effect resulting in low-transmittance values. There is a
general correlation between the transmittance and reflectance spectra as seen in both Figs. 3(a)
and 3(b).
Figure 3(c) shows the UV–vis spectra obtained for the silver deposited on the ITO/glass
plates. As-deposited Ag and Ar-annealed Ag samples show only one broad absorption around
400 nm, which corresponds to the typical (LSPR band) LSPR property of Ag nanoparticles, and
Fig. 2 AFM images showing vacuum-annealed AgNPs on ITO/glass substrate at 150°C. Image
scale is 200 nm.
Table 1 Summary of SEM, XRD, UV–vis, and Tauc plot analysis showing average: particle and
grain size, transmittance and electronic band gap for samples processed in varied ambience.
SEM XRD UV–vis
Processing/ambiance
Particle
size (nm)
Standard
deviation (nm) 2Θ (deg)
Grain
size (nm)
Average
transmittance
(400 to 800 nm)
(%)
Band
gap (eV)
Argon 56 15 38 20 52 3.70
Nitrogen 75 13 39 20 77 3.86
Vacuum 140 16 38 19 45 3.96
As-deposited — — 39 20 66 3.90a
aThe optical bandgap indicated is for the Ag + ITO layer since the Ag film is not continuous.
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the broad absorption peak implies the broad size distribution of the AgNPs, which is consistent
with the SEM characterization. The vacuum-annealed Ag samples show the two LSPR bands
located at 370 and 470 nm corresponding to out-of-plane quadrupole resonance and in-plane
dipole resonance of the LSPR, respectively,48 which further confirms the formation of Ag nano-
disc-like structures. The same absorption pattern was obtained for the N2-annealed Ag samples
with absorption maxima at 380 and 530 nm, this red shift of the main SPR band of Ag is ascribed
to the bigger particle size formed under N2 annealing condition. Furthermore, the presence of
two LSPR peaks at 380 and 530 nm could be resultant from the size distribution of the Ag NPs,
since both small and large Ag NPs are in comparable numbers and could give two peaks.
The presence of the broad absorption peak around the 400- to 500-nm region for Ar-proc-
essed AgNPs indicates great light harvesting potential in those regions to assist PV response. The
band gap is estimated from the absorption spectra using the Tauc plot shown in Fig. 3(d) and
the optical band gaps observed for the samples annealed in different ambiances were as follows:
Ar, 3.70 eV;N2, 3.86 eV; vacuum, 3.96 eV; and 3.90 eV for as-deposited Ag + ITO samples. The
observed optical band gaps show a strong dependence on the carrier concentration of the film.
2.2.2 SERS analysis
Methylene blue (MB) was used as analyte to study the Raman activities of the prepared as-
deposited and Ag/ITO annealed under different ambiance conditions (argon, nitrogen, and vac-
uum) using a 633-nm laser as the excitation signal. Figure 4 shows the SERS spectra response for
MB adsorbed on as-deposited Ag/ITO/glass and AgNPs processed at 180°C. The main absorp-
tion peaks of the MB solution are located at around 610 and 293 nm (not shown) indicating that
all peaks are away from the excitation wavelength, thus the resonant Raman effect is normally
expected to be too weak49 to be observed due to its low concentration, and is buried by the
Raman scattering arising from the solvent. The SERS results show the presence of a broad
Fig. 3 Ambient dependence of optical and electronic properties for AgNPs: (a) reflectance,
(b) transmittance, (c) UV–vis absorption spectra, and (d) Tauc plot for argon, nitrogen, vacuum,
and as-deposited samples.
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peak at 420 cm−1 for only the vacuum-annealed AgNPs sample indicating the predominant pres-
ence of large particle size (140 nm on average) in this sample. AgNPs processed under argon
ambiance shows the greatest SERS response around 1348 and 1575 cm−1, which is almost twice
the response for nitrogen and vacuum-annealed nanoparticles. The presence of the broad UV–vis
absorption peak [Fig. 3(c)] observed only for this sample can be attributed to be responsible for
the corresponding observed intensity enhancement for Ar-processed AgNPs. The results further
show that there is no enhancement for the as-deposited samples. This may be attributed to the
absence of finite shape and distance between two nanoparticles/clusters, which is one of the
requirements for the SERS enhancement.
Fig. 4 SERS of Ag/ITO/glass samples (argon, nitrogen, vacuum annealed, and as-deposited) and
their intensity variation. Inset: peak intensity variation.
Fig. 5 XRD analysis for argon, nitrogen, and vacuum-annealed (180°C) and as-deposited sam-
ples of AgNPs on glass substrate.
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2.3 Structural Analysis
2.3.1 XRD analysis
The crystalline structure was confirmed by the XRD measurements as can be seen in Fig. 5. The
XRD analysis results for both as-deposited and processed-AgNPs/ITO/glass show a clear crys-
talline structure for all samples. Evidently from the XRD results, the dominant peak at 38.2 deg
is for Ag (111) (as observed from JCPDS card no: 03-0921) and is present in all study samples.
For the case of vacuum-processed NPs, the intensity of the 38.2-deg peak is low and the high
intensity peak at 30.3 deg corresponds to ITO (222).2,49 The same ITO peak can be seen for the
nitrogen-processed samples although its intensity is much less compared to the peak intensity
observed for the vacuum-annealed samples. This could be attributed to the separation distance
between the two nanoparticles/clusters and the finite shape, both of which are absent for the
Ar-processed and as-deposited samples. There are also some submissive peaks for Ag visible
at 44.4 deg (200) and 64.6 deg (220) in all samples and other submissive peaks at 21.5 deg,
35.4 deg, and 55.8 deg visible in nitrogen- and vacuum-processed samples corresponding to
ITO (211), (400), and (611) planes, respectively. The average grain sizes for all samples sum-
marized in Table 1 were determined from the Debye–Scherrer formula for Ag particle to be
around 19.7 nm.
3 Modeling and Theoretical Analysis
In order to study the details of optical response of the structure and predict the behavior of the
NPs in different situations, a numerical study has been performed. First, absorption spectra for
monodispersed nanoparticles with different particle sizes were modeled with a commercial fully
vectorial finite-element-based software package COMSOL Multiphysics RF module v5.0 in
frequency domain. The geometry consists of a thick glass substrate that has been coated
with 70-nm-thick ITO film. The monodispersed nanoparticles were modeled by a periodic
array of metallic hemispheres on top the ITO film, see Fig. 6(a). The absorbed power in the
metallic hemispheres was found for the case of a normally incident plane wave ranging
from 300 to 730 nm.
Fig. 6 (a) The geometry used to model the monodisperse AgNPs. Blue shows the glass substrate,
ITO is illustrated by the gray layer, and the gold hemispheres represent the NPs. (b) Absorption
spectra for monodisperse and multidisperse nanoparticles on glass substrate. Particle size range
from 60 to 180 nm. (c) Absorption spectra for monodisperse and multidisperse nanoparticles on
a-Si:H substrate. Particle size range from 60 to 180 nm.
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The absorption spectrum for multidispersed NPs was calculated by summing over the
absorption spectra of the monodispersed AgNPs with different particle sizes, each one weighted
with the corresponding relative population in the ensemble. Figures 6(b) and 6(c) show the
absorption spectra of mono- and multidisperse AgNPs corresponding to a 18.5-nm-thick Ag
film annealed in vacuum. The simulation results [Figs. 6(b) and 6(c)] are in agreement with
the UV–vis absorption spectrum experimental data shown in Fig. 3(c).
It is well known that the efficiency of a-Si:H thin film solar cell drops drastically at high wave
length (600 nm and greater) because of low absorption of the active intrinsic a-Si:H layer. Several
approaches have been proposed to enhance the efficiency of a-Si:H at high wavelengths by incor-
porating NPs within the cell. Although the improvement in overall device performance is due to
contributions from different phenomena such as diffraction, electromagnetic field enhancement,
and light trapping mechanisms, for effective absorption in the higher wavelength region, the NPs
must resonate at one or more frequencies within this region. It is, therefore, crucial that the
multidispersed nanoparticles prepared by the method described in this paper exhibit resonances
within the region of interest when incorporated in a-Si:H thin film solar cell.
To investigate the effect of the substrate on the NP resonances, the model file was updated to
a-Si:H as the substrate and the same procedure described earlier was repeated to obtain the
absorption spectra of multidispersed different sized AgNPs on a-Si:H substrate. Figure 6(c)
shows the absorption spectra of mono- and multidispersed NPs on a-Si:H substrate with 70-nm
ITO spacer layer. Red-shift of NP resonance frequency in response to increase in refractive
index of the substrate has been studied extensively.50–57 In the case of multidispersed NPs,
as shown by the simulation results [Fig. 6(c)], the resonance frequency of AgNPs shifts from
350 to around 600 nm and at the same time the resonance became broader, which is very
appealing for plasmonic solar cell application.19–23,58
4 Conclusion
In this study, AgNPs of different sizes and surface coverage were synthesized using ambiance-
dependent agglomeration of e-beam evaporated silver thin films (18.5 to 25 nm). The influence of
different processing ambiance conditions was observed on both NPs morphology and optical prop-
erties. Results here show that the conditions to obtain the greatest SERS intensity enhancement of
up to 14 times is possible for 18.5-nm Ag film samples processed in argon ambiance relative to
vacuum-processed films. Further results from simulations on NP optical response consolidate the
observed experimental data. A strong correlation is observed between processing conditions, par-
ticle sizes, shapes, and their optical response (both UV–vis absorption and SERS). From the results
we infer that for the enhancement of SERS, the particles need not to be of spherical but should have
finite shape and the separation distance between them is more crucial for the enhancement to be
observed. The high plasmonic enhancement in SERS occurs when the separation distance between
the two particles is minimum (less than 20 nm).
There is a clear observed relationship between particle size and resonance frequency indi-
cated by the red-shifting of the resonances with the increasing particle size. XRD analysis reveals
both the presence of polycrystalline bcc ITO and fcc Ag. No Ag–Sn phases are observed in the
results showing that there was no alloying between the Ag and Sn (from ITO) during the
annealing process. The ability to mass-fabricate NPs economically and the ability to deliberately
tailor their optical response through the use of different ambiance conditions present the greater
opportunities for targeted application areas such as thin film PV devices, plasmonic photother-
mal therapy, and plasmonic sensing.
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